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Related Applications 

[0001] This Application claims priority of U.S. Provisional Application No. 60/238,488 
filed Octobers, 2000, incorporated herein by reference. 

Background of the Invention 

[0002] 1 . Field of the Invention: This invention relates to drive coils designed to supply 
a powerful magnetic field to supply power and operational commands to a mismatched, 
spacially remote receiving coil. More particularly, the invention relates to methods and 
circuits for efficiently driving a resonating transmitting coil by efficient modulation of the 
carrier, wherein the modulation can be either amplitude modulation or frequency 
modulation. 

[0003] 2. General Background and State of the Art: Many applications require or 
would benefit from improved efficiency in L-C tank circuit oscillations. Achieving such 
efficiency, however, is problematic for a number of reasons. Such problems may be 
illustratively presented in the context of a particular, exemplary application. Therefore, 
although there are many applications which would benefit from an efficiently driven 
oscillator, the description herein will continue with particular reference to a single 
exemplary application involving BlOnic Neurons (BIONs). 

[0004] BIONs are implantable micromodular electrical stimulators that can be located 
internally within a body. Specifically, BION implants may be placed in or near nerves or 
muscles to be electrically stimulated. BIONs comprise elongated devices with metallic 
electrodes at each end that deliver electrical current to immediately surrounding 
biological tissues. The implantable electronic devices are hermetically sealed capsules 
having the metallic electrodes attached thereto, and containing electronic circuitry 
therein. BION implants are about 100 times smaller in volume than conventional 



implantable electronic devices such as cardiac pacemakers and cochlear implants, 
resulting in significant physical limits on the general principles of power, data 
transmission and packaging fundamental to operation of BIONs. 

[0005] The microelectronic circuitry and inductive coils that control the electrical 
current applied to the electrodes are protected from body fluids by the hermetically 
sealed capsule and, additionally, can be covered with a biocompatible coating or sheath 
for further protection of the capsule. The electronic circuitry typically includes an 
inductive coil, power storage capacitor, and integrated circuit for performing various 
functions. 

[0006] Upon command from an external component, the implanted BION emits an 
electrical stimulation pulse that travels through the body tissues between and around its 
electrodes, thereby activating, for example, local nerve fibers as required for particular 
treatments. The BION microstimulator receives power and control signals by inductive 
coupling to an externally generated RF magnetic field, which is a practical method for 
recharging a BION's battery and controlling the timing and parameters of stimulations 
generation by the BION. This is achieved by inductive coupling of magnetic fields 
generated by extracorporeal antenna and do not require any electrical leads, as 
discussed in U.S. Patent Nos. 5,193,539, 5,193,540, 5,324,316, 5,405,367, and 
6,051 ,017, incorporated herein by reference. By selecting the appropriate strength and 
temporal patterning of stimulation, a desired therapeutic effect can be achieved. 

[0007] Unfortunately, the small, narrow shape of BIONs has resulted in stringent 
requirements for wireless power and data transmission and electromechanical 
assembly. Developing solutions to meet these requirements has been difficult. 

[0008] For example, the inductive coupling between a primary inductive coil within an 
extracorporeal antenna utilized to power a BION and a small, secondary inductive coil 
within the BION itself is difficult to establish and maintain within the stringent 
requirements of the BION's power, data transmission, and electromechanical assembly. 
One reason for this is that the coefficient of inductive coupling between a large primary 
coil and a distant, small secondary coil across an air gap is very low, typically less than 
2%. Therefore, the BION must be assembled such that the length and the cross- 
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sectional area of its receiving coil are maximized. However, the very nature of the 
BION's necessarily small size establishes strict limits on the BION's receiving coil size. 

[0009] To compensate for the necessarily weak coupling coefficient which thus results, 
the strength of the primary RF magnetic field, generated by the extracorporeal antenna, 
for example, must be made high without incurring excessive power dissipation. 
Specifically, the extracorporeal antenna must be driven to at least 200-400V, and more 
ideally, to 500V, in order to generate sufficient power to drive the remote, implanted 
BION. However, selection of an appropriate oscillator to generate sufficient field 
strength has been problematic. It will be appreciated by those skilled in the art, of 
course, that the exemplary application discussed herein, involving BIONs, provides one 
context only, in which efficiently powered oscillators would provide significant 
P improvement, and it will be readily apparent to those skilled in the art that a number of 
S other applications would also be substantially improved by such an oscillator. 

[0010] As is well understood in the art, power oscillators are classified according to the 
* relationship between the output voltage swing and the input voltage swing. Thus it is 
m primarily the design of the output stage that defines each class. Specifically, 

classification is based on the amount of time the output devices operate during one 
O complete cycle of signal swing. This is also defined in terms of output bias current, or 
Si the amount of current flowing in the output devices with no applied signal. 

^] 

[001 1] Conventional A-Class amplifiers are not efficient enough for field use, as they 
exhibit significant power dissipation. An alternative choice is an E-Class amplifier, or E- 
Class oscillator. Class E operation involves oscillators designed for rectangular input 
pulses, not sinusoidal waveforms. The output load is a tuned circuit, with the output 
voltage resembling a damped single pulse. Advantageously, a Class-E oscillator 
operates in a switched mode (ON or OFF) which provides a very high collector 
efficiency that can theoretically approach 100%. In operation, the energy content, or 
drive level, of the inter-stage signal applied to such single RF transistor, in combination 
with a temperature-compensated bias circuit, is optimally set so that the single RF 
transistor is always sufficiently driven ON or OFF with each cycle of the inter-stage 
signal, but is not overdriven ON or OFF. Although the high field strength and low power 
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dissipation requirements of BION applications, in general, might be accomplished by 
using a Class E amplification with a very high Q (>100) tuned circuit, it has been unclear 
how to effectively utilize a Class E oscillator in a BION application, because of the 
BION's two other previously mentioned requirements: power efficiency and data 
transmission. 

[0012] These requirements are fundamentally in conflict, as power efficiency requires 
highly resonant operation of the Class E oscillator, while data transmission requires 
rapid amplitude modulation of the Class E oscillator. With respect to the rapid 
amplitude modulation in particular, a problematic feature of the Class E oscillator, in 
BION applications, is that both the position and duration of the drive pulse are critical. 
For a coil frequency of 2 MHz, any drive pulse over 125 ns causes excessive power 
dissipation in the switch without significantly increasing the energy in the coil. However, 
producing various pulse widths requires additional components that increase the cost 
and size of the coil driver assembly, which is impractical in BION applications. 

[0013] In addition to these complications, using a Class E oscillator in BION 
applications causes additional problems. For example, the flexible shape of the BION 
may easily be deformed while it is worn by the patient. Such deformities will cause 
fluctuations in the inductance of the external coil, and a Class E oscillator does not 
inherently accommodate such fluctuations. Moreover, the electromechanical assembly 
requirements of BIONs make it desirable to accommodate the driver circuitry on the coil 
itself. This type of construction makes a typical Class E oscillator unsuitable for BION 
applications. Further, complicated circuitry is required to change pulse width for 
achieving desired AM modulation, when utilizing a typical Class E oscillator. Changes 
in pulse width are undesirable because they cause significant degradation of efficiency, 
something a battery-operated BION has limited capacity to endure. 

[0014] Of course, it is again emphasized that while the description herein continues in 
the context of BIONs as an illustrative mechanism, BIONs are an exemplary application 
only, and a number of other applications, such as radio communication, metal detectors, 
mine detection, or power and data transmission to many types of remote devices, would 



also benefit greatly from an oscillator having an efficient driving mechanism greater than 
that available in standard Class E oscilaltors. 

Invention Summary 

[0015] The present invention overcomes these, and other, problems by providing 
novel oscillator designed to accommodate the stringent requirements of BIONs as 
discussed above. More specifically, the present invention involves a novel Class E 
modulated transmitter capable of compensating for the weak coupling coefficient 
between a BION's receiving coil and the corporeal antenna's primary coil, 
accommodating fluctuations in the inductance of the external coil that arise when the 
BION's flexible shape is deformed while being worn by a patient, providing highly 
resonant operation for power efficiency, and providing rapid amplitude modulation to 
transmit data from the BION. 

[0016] In one embodiment of the invention, the novel Class E oscillator achieves high 
coil currents (~1A) and voltages (~500V) with low power components by precisely timed 
injection of current when the oscillating current in the inductor passes through zero. A 
detector circuit is used to trigger the current injection at the appropriate instant 
regardless of changes in the resonant frequency of the system. Its phase can be 
adjusted to compensate for propagation delays in the drive circuitry, while amplitude 
modulation is accomplished by switching in additional reactive conductance to increase 
the current injected into the tank circuit. Again, it is emphasized that various 
embodiments of the present invention may be utilized in a variety of applications 
including, but not limited to, radio communication using amplitude modulation or 
frequency modulation, high efficiency coil driving for portable devices such as metal 
detectors or mine detection, or power and data transmission to remote devices such as 
medical devices implanted in patients. 

[0017] The foregoing and other objects, features, and advantages of the present 
invention will be become apparent from a reading of the following detailed description of 
exemplary embodiments thereof, which illustrate the features and advantages of the 
invention in conjunction with references to the accompanying drawing Figures. 



Brief Description of the Drawings 

[0018] FIG. 1 illustrates an exemplary design and fabrication of a BION 
microtransmitter implant. 

[001 9] FIG. 2 illustrates a capsule subassembly component of the BION illustrated in 
FIG. 1. 

[0020] FIG. 3 illustrates an exploded view of an electronic subassembly component of 
the BION illustrated in FIG. 1. 

[0021] FIG. 4 illustrates internal, implantable components of an exemplary BION 
system architecture. 

[0022] FIG. 5 illustrates external components of the exemplary BION system 
architecture of FIG. 2. 

[0023] FIG. 6 illustrates an exemplary Class E modulated power oscillator circuit . 
utilized in one embodiment of the invention. 

[0024] FIG. 7 illustrates exemplary waveforms at various test points in the circuit 
illustrated in FIG. 6. 

Detailed Description of the Preferred Embodiments 

[0025] In the following description of the preferred embodiments reference is made to 
the accompanying drawings which form the part thereof, and in which are shown by way 
of illustration specific embodiments in which the invention may be practiced. It is to be 
understood that other embodiments may be utilized and structural and functional 
changes may be made without departing from the scope of the present invention. 

[0026] FIG. 1 illustrates a BION 101 and its typical size. Encased in a glass sheath 
103 and having two electrodes, a Ta electrode 105 and an Ir electrode 107, BION 101 
has a typical size of 2mm in diameter and 16mm in length. The small size is important, 
because it allows BIONs to be implanted by injection in an outpatient procedure that can 
be performed by any physician. Further, their small size allows them to be placed in 
small, deep, or hard-to-reach muscles that are impossible to stimulate selectively from 
the skin surface. Further, the small size and wireless nature of implantable BIONS 



minimizes threat of infection, skin breakdown, and tissue damage, which are concerns 
related to other types of Implants that are either too large, particularly in areas where 
multiple implants were required, or have many long leads. 

[0027] FIGS 2 and 3 illustrate electronic circuitry in an exemplary BION. As shown in 
FIG. 2, a self-resonant receiving coil 201 is located between two electrodes: a capacitor 
electrode 203 and a counter electrode 205. FIG. 3 shows that receiving coil 201 is 
wound about an integrated circuit chip (IC) 301 , a diode chip 303 such as, for example, 
a Schottky diode, and two semihylindrical ferrites 309. IC 309 derives DC power by 
rectifying and filtering carrier energy picked up by receiving coil 201 . The carrier itself 
provides a synchronous clock and its amplitude modulations encode a serial bit stream, 
which is decoded by a state machine in IC 301 . The first data byte specifies an 
address, which is compared to an address specified by a hardwired read-only memory 
in IC 301 . If the addresses match, subsequent data bytes are decoded to specify the 
desired operation of the BION. In an exemplary embodiment, stimulation operations 
require a pulse width and a pulse amplitude specification, which are contained within 
the encoded serial bit stream received by receiving coil 201 and encoded by IC 301 . 

[0028] Stimulation typically required to activate a muscle comprises relatively brief 
pulses, such as 0.2ms, for example, at low frequencies, such as less than 20pps, for 
example. During the interpulse period, which is, for example, typically greater than 
50ms, energy is stored in an electrolytic capacitor. Continuing with FIG. 2, the 
electrolytic capacitor comprises the combination of capacitor electrode 203 and body 
fluids. Counter electrode 205 resists polarization under all sequences of charging and 
discharging of capacitor electrode 203. When the carrier is on but the implant is idling, 
capacitor electrode 203 can be charged until it becomes fully polarized. In the 
exemplary embodiment described herein, this charging can be accomplished at one of 
four selectable rates (0|jA, lOpA, lOOpA and aOOpA) and full polarization is achieved at 
approximately +17VDC compliance voltage. 

[0029] In contrast to stimulation functions, sensing functions require a back-telemetry 
link that operates during pauses in the external carrier, during which an external coil, 
worn by the patient, acts as a receiving antenna. Self-resonant coil 201 in the BION 



acts as the tank circuit for an oscillator that is amplitude modulated to transmit digitized 
data obtained from a previously commanded sensing operation. Three sensing 
modalities are contemplated within the scope of the present invention. A Bioelectrical 
recording sensing modality utilizes voltages present on electrodes 203 and 205 that can 
be amplified, integrated and digitized according to gain and timing programmed by the 
command that initiates the sensing operation. Such data might represent the 
impedance of the tissue through which a current pulse is being delivered 
simultaneously, the electrical field created in the tissue by a stimulus pulse from another 
implant, or a bioelectrical signal such as electromyographical activity. An acceleration 
sensing modality incorporates microelectromechanical silicon systems (MEMS) Into the 
BiON to sense acceleration or inclination with respect to the gravitational field of the 
BION implant. A relative position sensing modality utilizes the dependence of a 
detected signal on the distance and relative orientation between emitting and detecting 
BIONS. Changes in a patient's limb posture produce relative motion of BIONS located 
in the patient's various muscles, permitting limb posture and motion to be Inferred from 
a set of coupling strengths among several implanted BIONS. 

[0030] Proceeding with FIG. 3, electronic subassembly 300 comprises a ceramic two- 
sided microprinted circuit board (mPCB) 305, which provides a mechanical platform for 
the inside of electronic subassembly 300 and makes all of the electrical 
interconnections on both surfaces and ends. On one side, pPCB 305 carries IC 301, 
diode chip 303, and their conventional gold wirebonds 307 to substrate [jPCB 305 which 
may be, for example, alumina. The hemlcyllndrlcal ferrites 309 are glued to the top and 
bottom surfaces of subassembly 300, and self-resonant coil 201 is wound over the 
ferrites 309 and solder-terminated to the back of pPCB 305. Although not illustrated in 
FIG. 2 and FIG. 3, self-resonant coil 201 has approximately 200 winds. Solder 
terminations 219 are visible In FIG. 2. 

[0031] BION 1 01 receives commands and sends signals through RF power and 
communications supported by the novel E-Class oscillator design of the present 
invention. BION 101 draws very little power, but does so by inductive coupling between 
its receiving coil 201 and a wearable, primary coil worn by a patient. The two coils have 
a very low coupling coefficient, such as less than 3%, due to their physical separation 

8 




and mismatch in size. Such a low coupling coefficient requires an intense RF magnetic 
field for power and communications, such as 1 A at 500V peak in the wearable, primary 
coil, which is, in the exemplary embodiment, 4-6 turns of 18ga stranded wire. 
[0032] In order to generate the strong magnetic field efficiently, the novel oscillator of 
the present invention utilizes a very high Q tank circuit comprising the wearable, primary 
coil and a small tuning capacitor which has, in the exemplary embodiment, a Q of -100. 
By switching in the capacitor, the reactance of the primary coil can be changed, 
eliminating the need for prior art methods involving complicated circuitry to change 
pulse width for achieving desired AM modulation. As described earlier, changes in 
pulse width are undesirable because they cause significant degradation of efficiency. 

□ [0033] The novel oscillator injects a brief current pulse into the tank circuit only at the 
^ fime when the current through the wearable, primary coil is passing through zero and 
yi the voltage across the driving Metal-Oxide-Semiconductor Field-Effect-Transistor 
g! (MOSFET) of the E-Class oscillator is at its negative peak, which is ground in the novel 
oscillator circuit. 

Oil 

[0034] The novel oscillator circuit further comprises a feedback circuit, compnsing an 
O adjustable phase shift and zero-crossing detector which compensates for propagation 

H! delavs in drive circuitry, as well as shifts in resonant frequency that may result from 

III ' 

O deformation of the coil such as when the patient moves. All reactive components 
^ utilized in embodiments of the present invention are preferably selected to minimize 

dissipation and could include, for example, silver mica capacitors, highly stranded 

antenna wire, and very fast transistors. 

[0035] FIG. 4 and FIG. 5, together, illustrate an exemplary BION system architecture. 
FIG. 4 and FIG. 5 are directed to the internal circuitry of an implantable BION and to the 
external circuitry involving the wearable, primary coil, respectively. Power and 
communication transmissions occur, between the internal and external circuitry through 
a patient's skin and, specifically, is achieved by inductive coupling between self- 
resonant coil 201 in FIG. 4 and a magnetic field generated by wearable, primary coil 
501 in FIG. 5. 
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[0036] FIG. 4 illustrates functions of electronic subassembly 301 . Capacitor electrode 
401 and counter electrode 403 transnnit signals from electronic subassembly 301 . As 
illustrated in the block diagram of FIG. 5, electronic subassembly 301 receives data at 
block 405, decodes data at block 407, and creates a stimulating charge, at block 409. 
Additionally, electronic subassembly 301 provides power at block 41 1 and generates 
charge at block 41 3. A feedback circuit includes an integrating digitizer, at block 41 5, a 
transmitter at block 417, and an adjustable phase shift and zero-crossing detector at 
block 419. A tuning capacitor 421 is also included in the feedback circuit. Once a 
stimulating charge has been determined at block 409, it is amplified if necessary at 
block 423. Multiple blocks 425 represent switching functions. 
[0037] FIG. 5 illustrates external components of BION systems that can be utilized 
with an efficient modulated Class E oscillator according to the present invention. The 
wearable, primary coil described above is transmission coil 501 . The resonant 
frequency of the tank circuit of the novel oscillator design of the present invention is set 
by transmission coil 501 and capacitor 502. Transmission coil 501 is sized and shaped 
for the body part to be stimulated, and has an integral small enclosure for its tuned RF 
power circuitry that connects to and is controlled by personal trainer 503. Personal 
trainer'503 functions like a very large, externally synchronized shift register to produce 
previously stored sequences of carrier modulations that activate the patient's various 
BION implants. For example, in the exemplary embodiment, personal trainer 503 
comprises a 68HC11 microcontroller with battery-backed RAM, powered by a 
conventional AC-DC converter that plugs into an AC power outlet. A clinician uses a 
personal computer to load exercise programs into personal trainer 503, which converts 
those programs into sequences of amplitude modulation of the 2MHz carrier. 
Transmission coil 501 generates the 2MHz magnetic field that powers and commands 
the BION functions with commands as described above. An internal microcontroller, 
within personal trainer 503, monitors, timestamps and records all usage of its programs 
by a patient. These data are then uploaded to a data system 505 when a patient has 
completed a personal trainer program, and the data system adjusts stimulation 
parameters for follow-up treatment, if necessary. 
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[0038] FIG. 6 illustrates an exemplary schematic for the novel oscillator design of the 
present invention. The novel design includes circuitry for modifying a Class E oscillator 
with switched reactance modulation. As will be apparent to those skilled in the art, the 
resonant frequency of the tank circuit may be set by transmission coil 501 (worn by the 
patient) and capacitor 502, which were previously introduced in the overall system 
design depicted in FIG. 5. The zero-crossing of the current on the inductor is detected 
by zero cross detector circuit, shown generally at location 604. Specifically, the zero- 
crossing is detected across resistor 605 - capacitor 606, whose phase can be adjusted 
to assure that drive pulse generator 607 fires for a preset duration that straddles the 
time when the voltage across the MOSFET is minimal and power Injection is most 
efficient. Modulation is accomplished by switching in parallel capacitor 608, which 
increases the current drawn into the tank circuit through choke 609. in turn increasing 
the amplitude of the oscillations to a new steady state over about four carrier cycles. 
These oscillations are measured attest point 1, indicated at location 610 by a test point 
indicator marked as an encircled numeral. This test point indicator, as well as four 
others (marking test points 1 through 5) correspond to the waveforms shown in FIG. 7. 
Specifically, signal 701 in FIG. 7 corresponds to test point 1 , indicated at 610 in FIG. 6; 
signal 703 in FIG. 7 corresponds to test point 2, indicated at 623 in FIG. 6; signal 705 in 
FIG. 7 corresponds to test point 3, indicated at 625 in FIG. 6; signal 707 in FIG. 7 
corresponds to test point 4, indicated at 627 in FIG. 6; and, signal 709 in FIG. 7 
corresponds to test point 5, indicated at 629 in FIG. 6. As will be appreciated by those 
skilled in the art, these waveforms are exemplary of the functioning novel oscillator 
circuit of the present invention. 

[0039] Further describing the novel switched reactance modulated oscillator circuit of 
the present invention, it is notable that the exemplary circuit illustrated in FIG. 6 uses a 
technique that requires only one pulse width of ideal duration. Switched reactance 
modulation is the technique used to encode data on the carrier. Specifically, as it 
applies to the present invention, switch 611 provides a fixed drive pulse. When switch 
613 is open, capacitor 607 is not in the series resonant path and the sine wave voltage 
at the junction of transmission coil 601 and capacitor 603 is at some present minimum 
defined by the losses in the tank circuit versus the regenerative current pulses, whose 
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amplitude depends on the value of capacitor 615. When switch 613 is closed, on the 
other hand, capacitor 607 is in the series resonant path, providing additional 
capacitance in parallel with capacitor 615 and increasing the injected current, which in 
turn increases the amplitude of the oscillations in the tank circuit. 

[0040] Modulation Input 61 7 is applied through flip flop 61 9 to synchronize changes in 
the state of MOSFET switch 613 (test point trace 3) with the zero current points 
detected by feedback circuit 604. Diode 621 provides the current charge path from 
ground to capacitor 608 (test point 4). The current discharge path is provided by 
MOSFET 613. When MOSFET 613 is turned off, capacitor 608 is, in effect, removed 
from the circuit. As will be appreciated by those skilled in the art, by using various 
values for the ratio of capacitor 61 5 to capacitor 607, the same circuitry can be used to 
generate primarily frequency modulation rather than amplitude modulation. 

[0041] The foregoing description of the preferred embodiments of the invention has 
been presented for the purposes of illustration and description. It is not intended to be 
exhaustive or to limit the invention to the precise form disclosed. Many modifications 
and variations are possible in light of the above teaching. For example, a variety of 
alternative components may be utilized in the novel oscillator design of the present 
invention, as will be recognized by those skilled in the art, to build an oscillator that 
functions according to the teachings herein. It is intended that the scope of the 
invention be limited not by this detailed description, but rather by the claims appended 
hereto. 
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